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Apicomplexan parasites have an assortment of
unique apical secretory organelles (rhoptries and
micronemes), which have crucial functions in host
infection. Here, we show that a Toxoplasma gondii
sortilin-like receptor (TgSORTLR) is required for the
subcellular localization and formation of apical
secretory organelles. TgSORTLR is a transmembrane
protein that resides within Golgi-endosomal related
compartments. The lumenal domain specifically
interacts with rhoptry and microneme proteins, while
the cytoplasmic tail of TgSORTLR recruits cytosolic
sorting machinery involved in anterograde and retro-
grade protein transport. Ectopic expression of the
N-terminal TgSORTLR lumenal domain results in
dominant negative effects with the mislocalization
of both endogenous TgSORTLR as well as rhoptry
and microneme proteins. Conditional ablation of
TgSORTLR disrupts rhoptry and microneme biogen-
esis, inhibits parasite motility, and blocks both
invasion into and egress from host cells. Thus, the
sortilin-like receptor is essential for protein traf-
ficking and the biogenesis of key secretory organ-
elles in Toxoplasma.
INTRODUCTION
The phylum Apicomplexa contains some of the most deadly
pathogens of medical and veterinary importance, including
Plasmodium (malaria), Eimeria (coccidiosis), and Toxoplasma
gondii, which pervasively infects humans. As an obligate intra-
cellular pathogen, T. gondii is capable of actively invading a
wide range of nucleated host cells, wherein it replicates in
a parasitophorous vacuole (PV). In addition to the canonical eu-
karyotic organelles, such as a central nucleus surrounded by anCell Hextensive endoplasmic reticulum (ER) and a single Golgi situated
in the proximal anterior region, T. gondii has three other morpho-
logically distinct, specialized secretory organelles called micro-
nemes, rhoptries, and dense granules that typify apicomplexan
parasites (Pelletier et al., 2002; Boothroyd and Dubremetz,
2008). Whereas dense granule proteins are secreted constitu-
tively, rhoptry (ROP) and microneme (MIC) contents are sequen-
tially released upon binding to the host-cell surface and during
the subsequent invasion phase in a highly regulated manner.
Microneme proteins are not only crucial for binding to the host
cell prior to entry, but are also essential for parasite gliding
motility that drives active invasion (Huynh and Carruthers,
2006). Rhoptry secretion establishes the PV and delivers key
virulence factors that modulate immune responses and other
vital cellular functions (Boothroyd and Dubremetz, 2008).
T. gondii ROP and MIC proteins navigate through the ER,
Golgi, and endosome-like organelles prior to being packaged
into their respective apical secretory organelles (Ngoˆ et al.,
2003; Harper et al., 2006). A few components of the T. gondii
vesicle budding, transport, and fusion machinery have been
partially characterized (Chaturvedi et al., 1999; Hager et al.,
1999; Stedman et al., 2003), and tyrosine-based endosomal
sorting signals and associated adaptor complexes have been
described (Hoppe et al., 2000). Also, a large dynamin-like
GTPase, DrpB, expressed in the cytoplasm near the Golgi is
required for the biogenesis of secretory organelles of T. gondii
(Breinich et al., 2009). While these studies suggest that
T. gondii possesses machinery involved in vesicular trafficking
through the Golgi, endosomal system, and the secretory system,
precisely how proteins are guided through these endomembra-
nous structures remains poorly understood. Similar to virtually
all other unicellular eukaryotes, T. gondii and other apicomplex-
ans lack a mannose-6-phosphate receptor for sorting to the
endosomal pathway. Although T. gondii possesses two putative
plant-like vacuolar sorting receptors (TgVSR1 and TgVSR2),
neither appear to be necessary for the protein trafficking to
apical organelles based on expression and knockout experi-
ments (R.Y.G. and VBC, unpublished data). Sortilin, also known
as VPS10 in yeast, is a type I single pass transmembrane cargoost & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Inc. 515
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sorting to the endolysosomal system. Expressed in a number
of vertebrate tissues, notably brain, spinal cord, testis, and skel-
etal muscle, sortilin also functions as a surface coreceptor for
induction of neural apoptosis in the brain (Kim and Hempstead,
2009) and is linked to type 2 diabetes (Clee et al., 2006) and
Alzheimer’s disease (Rogaeva et al., 2007). However, mice or
yeast deficient in sortilin/VPS10 are viable and show relatively
mild phenotypes (Marcusson et al., 1994; Jansen et al., 2007).
Here, we demonstrate that a Toxoplasma gondii sortilin-like
receptor, TgSORTLR is a major cargo receptor that is essential
for protein trafficking, the biogenesis of apical secretory organ-
elles, and the development of host infection and pathogenicity.
Our findings illustrate a key role for an endolysosomal cargo
receptor in protein shepherding through the exocytic system
and also point toward the indication that, unlike yeast and higher
eukaryotes, lower branching eukaryotes, including pathogenic
species, lack redundant mechanisms for protein trafficking.
RESULTS
T. gondii Sortilin-like Receptor Resides in the Golgi
and Endosomal-Related Compartments
Using concanavalin-A lectin affinity purification and mass spec-
trometry, we previously identified a T. gondii ortholog of
mammalian sortilin (TgSORTLR), which copurified with several
ROP and MIC proteins involved in host cell invasion (Fauquenoy
et al., 2008). Cloning and sequencing the full-length cDNA
revealed a 962 amino acid protein with predicted molecular
mass of 105 kDa. Interestingly, TgSORTLR itself is not N-glyco-
sylated (Fauquenoy et al., 2008, 2011), suggesting that it bound
to the lectin column via interactions with ROP andMIC glycopro-
teins. This notion is also supported by the high degree of simi-
larity of TgSORTLR to mammalian sortilins (Figures 1A and
S1A), which are well known for their protein-binding capabilities.
The lumenal domain of TgSORTLR exhibits conserved
ten-bladed propellers (blades A to J) and two small 10-cysteine
domains (10CCa and 10CCb), which interact with the b-propeller
and influence ligand binding (Figures 1A and S1A; Quistgaard
et al., 2009). Modeling of the 3D structure of TgSORTLR lumenal
domain also showed striking specific structural features that are
shared by sortilin homologs of other apicomplexans (Figures
S1B and S1C). These unique features include sequence inser-
tions organized as three large loops in the lumenal cargo-binding
domain (inserts 1 to 3, Figures 1A and S1A). Additionally, the
C-terminal tail of TgSORTLR contains an acidic cluster and a
dileucine motif (Figures 1A and S1D), which in mammalian sorti-
lin are crucial for intracellular sorting (Hermey, 2009).
Antibodies to recombinant TgSORTLR recognized a
105 kDa protein in T. gondii lysate (Figure 1B). Confocal
imaging of intracellular parasites stained with anti-TgSORTLR
revealed labeling in the Golgi region (Figures 1C and 1D). Indeed,
analysis of confocal images showed that 73 ± 6% of TgSORTLR
colocalizes with GRASP-RFP, a marker of T. gondii cis-medial
Golgi (Figures 1D and 1E; Pelletier et al., 2002). Three-dimen-
sional reconstructions from confocal images confirmed the
presence of TgSORTLR in the Golgi (Movie S1). In addition, we
showed that TgSORTLR also colocalized significantly with
markers of the TGN (GalNAcT), early endosomes (Rab5a), late516 Cell Host & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Iendosomes (VP1 and Rab7), and a lysosomal-related compart-
ment (CPL), with colocalization estimated at 70%, 65%, 62%,
and 40%, respectively (Figures 1D and 1E). In contrast,
TgSORTLR showed little colocalization with the ER marker
HDEL-RFP (10%) or the dynamin DrpB (3%) (Figures 1D and
1E). Cryoimmuno-electron microscopy (cryo-IEM) of TgSORTLR
in intracellular parasites ectopically expressing TgSORTLR-
cMyc (Figure 1F, left panel) or endogenous wild-type protein
(Figure 1F, middle panel) confirmed Golgi cisternae. Some of
the labeled components seen by cryo-IEM (e.g., Figure 1F,
middle panel) resembled the tubular post-Golgi structures noted
by Harper and colleagues (Harper et al., 2006). TgSORTLR was
also seen by cryo-IEM in membrane vesicles in the central ante-
rior region (Figure 1F, right panel), suggesting that a significant
proportion of TgSORTLR may localize beyond the Golgi, likely
in the trans-Golgi Network (TGN) and/or endosome-like
compartments. We therefore conclude that the Golgi and endo-
somal localization of TgSORTL defines it as a plausible candi-
date type I transmembrane receptor for protein sorting and
trafficking through the endocytic/exocytic system of T. gondii.
TgSORTLR Is a Cargo Receptor that Binds ROP
and MIC Proteins
The localization of TgSORTLR in Golgi and endosome-like
compartments prompted us to identify its protein ligands. Live
parasites were crosslinked with the reduction sensitive, cell-
permeable crosslinker dithiobis succinimidyl propionate (DSP)
(Fauquenoy et al., 2011). A detergent extract was immunopre-
cipitated with anti-TgSORTLR beads, and the eluted protein
complexes (Figure S2A) were identified by mass spectrometry
as microneme MIC1, MIC4, and rhoptry ROP1, ROP2, ROP4
and ROP5 proteins (Table S1). Our analysis revealed seven
TgSORTLR peptides (Table S1), including two that were modi-
fied by DSP (Figures S2B and S2C). One DSP-modified peptide
from ROP5 was also identified (Figure S2D). Furthermore, incu-
bation of parasite extracts with recombinant lumenal domain
rTgSORTLR37-789 fused to GST confirmed binding to MIC4,
ROP2, and ROP4 proteins and further revealed interactions
with microneme proteins MIC5 and MA2P (Figure S2E). In
contrast, rTgSORTLR37-789 did not bind GRA3. GST alone also
failed to bind any of the MIC or ROP proteins examined.
Furthermore, we showed that TgSORTLR colocalizes partially
with MIC5 (Figure 2B, merge), ROP1 (Figure 2C, merge), and
ROP5 (Figure S2F) using confocal microscopy. Rhoptries and
micronemes aremade de novo in daughter parasites undergoing
replication, and their resident proproteins are subjected to
proteolytic processing within endosomal compartments (Carey
et al., 2004; Harper et al., 2006; Parussini et al., 2010). Using anti-
bodies specific to propeptides of ROP4 and MIC5 proteins, we
also found that TgSORTLR partially colocalizes with the pro-
ROP4 and proMIC5, respectively, within the proximal anterior
region (Figures S2G and S2H). However, the level of colocaliza-
tion between TgSORTLR and proROP4 or proMIC5 varies
considerably from one vacuole to another (Figures S2G and
S2H), suggesting potential transient interactions that may occur
in a cell-cycle dependent manner. Collectively, these data
suggest TgSORTLR is a cargo receptor that interacts physically
with ROP and MIC proteins in the Golgi-endosomal compart-
ments of T. gondii.nc.
Figure 1. T. gondii Sortilin-like Receptor Resides in the Golgi and Endosome-Related Structures
(A) Schematic representations of key domains of human sortilin, TgSORTLR, the lumenal domain of TgSORTLR, and its truncated versions fused to GST. PS,
peptide signal; TM, transmembrane; m, membrane-adjacent motif; ac-LL, acidic cluster-dileucine motif. See also Figure S1.
(B) Immunoblot probed with mouse polyclonal anti-TgSORTLR antibodies reveals a single protein of 105 kDa in T. gondii whereas no protein was detected in
human foreskin fibroblast (HFF) cell extract.
(C) Localization of TgSORTLR by confocal images using the mouse polyclonal anti-TgSORTLR antibodies. Bars, 5 mm.
(D) TgSORTLR colocalized with Golgi-endosomal and trafficking markers (see also Movie S1). Intracellular T. gondii tachyzoites stably expressing GRASP-RFP
(cis-Golgi and medial Golgi), HDEL-RFP (endoplasmic reticulum), and DrpB-YFP (Golgi proximal cytoplasmic inclusion) or transiently expressing GalNAcT-GFP
(trans-Golgi network), Rab5a (early endosome), and Rab7 (late endosome), or rabbit polyclonal anti-VP1 (late endosome and lysosome-related compartment)
antibodies were used. Bars, 5 mm.
(E) Quantification of TgSORTLR colocalization Golgi-endosomal markers. Bars represent mean values of n = 3 independent experiments ± standard deviation.
(F) Schematic representation of T. gondii showing its different compartments and organelles. Cryo-IEM of TgSORTLR localized in the Golgi apparatus of
transgenic TgSORTLR-cMyc parasite (left panel), wild-type parasite (middle panel), and Golgi-proximal vesicles of transgenic TgSORTLR-cMyc strain (right
panel). Black arrowheads indicate the nuclear envelope. Mn, microneme; Rh, rhoptry; DG, dense granule; N, nuclei. Bars, 200 nm.
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Figure 2. The Cytoplasmic Tail of TgSORTLR Is Essential for Correct Subcellular Localization of Endogenous TgSORTLR, Rhoptry, and
Microneme Proteins
(A) Expression of TgSORTLR protein lacking its C-terminal tail (TgSORTLRDCt-GFP, green) resulted in themislocalization of endogenous TgSORTLR stainedwith
the anti-TgSORTLR antibodies (middle panel, red). TgSORTLRDNt-GFP (right panel) and the full-length TgSORTLR-GFP (left panel) mediate the correct
localization in the Golgi-endosomal structures. The endogenous TgSORTLR was labeled with the mouse anti-TgSORTLR and goat secondary antibodies.
(B) Expression of TgSORTLRDCt-HA (rat polyclonal anti-HA9 and 488 nm-Alexa goat secondary antibodies, green) resulted in the mislocalization of MIC5 (rabbit
anti-MIC5 and 594 nm-Alexa goat secondary antibodies, red). Endogenous TgSORTLR was stained with the mouse polyclonal anti-TgSORTLR and 633 nm-
Alexa goat secondary antibodies.
(C) Expression of TgSORTLRDCt-HA resulted in the mislocalization of ROP1. TgSORTLRDCt-HA, endogenous TgSORTLR, and ROP1 were labeled as above.
(D) Expression of TgSORTLRDCt-HA has no effect in the Golgi proximal localization of DrpB-YFP. These data indicate that rhoptry and microneme proteins are
present in the Golgi-endosomal associated structures in which TgSORTLR resides (see also Figure S2). Bars, 5 mm for all panels.
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of TgSORTLR Abolishes the Transport to Rhoptries
and Micronemes
To substantiate that T. gondii uses a sortilin-like receptor to
traffic invasion-related proteins to the apical organelles, wild-
type parasites were transiently transfected with full-length or
truncated mutants of TgSORTLR fused to either GFP or an
HA epitope tag. Whereas full-length TgSORTLR-GFP showed
the expected proximal anterior localization (Figure 2A, left
panel), C-terminally truncated TgSORTLR fused to GFP
(TgSORTLRDCt-GFP) displayed multiple puncta both anterior
and posterior to the parasite nucleus (Figure 2A, middle panel).
These data suggest an essential role for the C-terminal tail in
the proper localization of TgSORTLR. Furthermore, truncation
of the lumenal domain demonstrated that the C-terminal tail
alone is sufficient for Golgi-endosomal localization (Figure 2A,
right panel). Interestingly, transient expression of C-terminally
truncated TgSORTLR-HA (Figures 2B and 2C, TgSORTLRDCt-
HA, green signal and lower panels) appeared to exert a dominant
negative effect, causing the mislocalization of endogenous
TgSORTLR (Figures 2B and 2C, anti-TgSORTLR, lower and right
panels) along with ROP1 and MIC5, which accumulated
throughout the cytoplasm of transfected parasites (Figures 2B
and 2C, red signal and lower panels). In contrast, no effect on
theGolgi proximal localization of the DrpBwas noted (Figure 2D).
Transient expression of TgSORTLRDCt-HA in T. gondii tachy-
zoites also led to a severe defect in intracellular parasite division,
which is consistent with our repeated failure to generate
Toxoplasma lines stably expressing this mutant. These findings518 Cell Host & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Isuggest that the dominant negative effect of expressing
TgSORTLRDCt compromises parasite replication.
Conditional Ablation of TgSORTLR Disrupts Protein
Trafficking and Biogenesis of Rhoptries
and Micronemes
Since dominant negative effects can be problematic to interpret,
we conditionally ablated TgSORTLR expression in anhydrotetra-
cyline (ATc)-inducible TgSORTLR knockout (iKO) parasites
(Figures 3A and 3B). ATc treatment resulted in the loss of
TgSORTLR protein in iKO parasites but had no effect on expres-
sion in wild-type parasites (Figure 3C). Confocal imaging
confirmed the absence of TgSORTLR after ATc treatment
(Figure 3D). ROP2–4 and MIC1 coimmunoprecipitated with
TgSORTLR in wild-type and cMyc-tagged transgenic parasites,
even in the absence of DSP (Figure 3E), but failed to do so in iKO
mutants grown with ATc (Figure 3F). These findings confirm the
specificity of the interactions, which is also supported by the
failure of TgSORTLR to coimmunoprecipitate with DrpB-YFP
(Figure S2I). To decipher the molecular basis of ROP and MIC
protein binding to TgSORTLR, we tested the complete lumenal
domain of TgSORTLR along with a series of truncation mutants
(see schematic representations in Figure 1A) for binding to either
native or recombinant ROP and MIC proteins. Figure 3G shows
that the recombinant TgSORTLR proteins were purified to homo-
geneity with similar yields. The recombinant complete lumenal
domain of TgSORTLR (rSORT37-789-GST) bound to MIC5 and
ROP1 (Figure 3I) in total protein extracts from the iKO depleted
of endogenous TgSORTLR by ATc treatment (Figure 3H,nc.
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mutants, rSORT202-789-GST and rSORT444-789-GST, also bound
to MIC5 and ROP1, with the latter mutant showing enhanced
binding to ROP1 (Figure 3I). Neither the third recombinant
mutant rTgSORT736-789-GST nor GST protein alone bound to
MIC5 and ROP1, confirming that the bladed propeller domains
of TgSORTLR are necessary for cargo binding. To test for direct
binding, recombinant MIC5-HA and ROP1-HA proteins
expressed in wheat germ extracts (Figure 3H, lanes 2 and 4)
were incubated with the series of recombinant TgSORTLR
proteins. No binding was seen between MIC5-HA or ROP1-HA
and any of the recombinant TgSORTLR proteins (Figure 3J).
E. coli-derived recombinant MIC5 and MIC10 also failed to
bind recombinant TgSORTLR. These findings suggest that the
binding of MIC and ROP proteins to TgSORTLR is indirect or
requires features of the native MIC and ROP proteins that are
not present in recombinant forms of these proteins.
Next, we treated iKO parasites with ATc to ablate expression
of TgSORTLR and examine the effect on ROP and MIC protein
localization. TgSORTLR deficiency strikingly altered the apical
distribution of all ROP and MIC markers tested. Figure 4 illus-
trates the mislocalization of ROP1, ROP2–4, ROP5, ROP7,
and RON1 proteins (Figure 4A) and MIC2, MIC3, MIC4, and
M2AP proteins (Figure 4B). We also noticed that in some vacu-
oles of the TgSORTLR-deficient mutant, ROP1 and MIC4
appear as residual cytoplasmic puncta whereas other vacuoles
showed the complete absence of ROP1 and MIC4 (Figures 4A
and 4B). In addition, ROP7 (Figure 4A), MIC3, and ROP2–4
(data not shown) were detected in the host cytoplasm and
localized around the nucleus, consistent with leaking of the
PV contents into the host cell cytosol. In contrast, no morpho-
logical changes were observed for dense granules (GRA3),
inner membrane complex (GAP45), the remnant plastid (Api,
Atrx2; DeRocher et al. [2008]), the endoplasmic reticulum
(SERCA; Nagamune et al. [2007]), or the mitochondrion (Mito,
HSP60; Toursel et al. [2000]) (Figure 4C). Finally, com-
plementation of iKO mutants by transient transfection
of TgSORTLR-GFP restored the classical microneme and
rhoptry apical patterns, while the TgSORTLR lumenal domain
(TgSORTLRDCt-GFP) failed to rescue the defect localizations
(Figure S3), confirming a functional requirement of the
C-terminal cytosolic domain.
TgSORTLR Is Essential for the Formation of Rhoptries
and Micronemes in T. gondii
Following 72 hr of ATc treatment, we observed that TgSORTLR-
deficient parasites were devoid of the typical electron-dense
club-shaped rhoptry and flattened microneme organelles
(Figures 5B and 5C) compared to wild-type parasites (Figure 5A).
Five serial ultrathin sections spaced 100 nm apart through
five adjacent TgSORTLR-deficient parasites confirmed the
absence of typical and morphological defined rhoptries in 23
out of the 25 serial electron micrographs (Figure S4). Further-
more, no typical micronemes were seen in these 25 serial ultra-
thin sections of TgSORTLR-deficient parasites, whereas
numerous dense granules (DG) were still present (Figures 5C
and S6). We also observed by cryo-IEM that ROP2–4 and
MIC5 proteins were diverted to the PV (Figures 5E and 5G), while
these proteins correctly resided in their respective apical organ-Cell Helles in the absence of ATc (Figures 5D and 5F). Finally, MIC5
was detected in the dense granules after ATc treatment
(Figure 5H, inset), suggesting that it and possibly the other mis-
localized secretory proteins are rerouted to this default, constitu-
tive secretory pathway in the absence of regulated secretory
organelles.
TgSORTLR Cytoplasmic Tail Binds to Cargo Proteins
that Mediate Both Anterograde and Retrograde
Golgi-Endosome Trafficking
To further substantiate the function of TgSORTLR as cargo
receptor for sorting microneme and rhoptry proteins, we fused
the cytoplasmic tail of TgSORTLR to GST and incubated it with
parasite extracts to test for interactions with components of
the cytosolic sorting machinery. As shown in Table S2, the
TgSORTLR cytoplasmic tail bound to parasite homologs of
clathrin heavy chain, clathrin-associated adaptor complex small
chain, b, g, and m1 adaptins, three components of the AP1 and
AP2 adaptor complexes known for clathrin-mediated endocy-
tosis (Sosa et al., 2012). Interestingly, we also identified homo-
logs of the coat complex transport proteins Sec23/Sec24 that
ensure the directionality of anterograde membrane flow from
the ER to the Golgi apparatus (Lord et al., 2011). Finally, the
C terminus of TgSORTLR also pulled down three homologs of
retromer-associated vacuolar sorting proteins Vsp9, Vps26,
and Vsp35. This is consistent with TgSORTLR binding to the
retromer complex that mediates retrograde transport from endo-
somes to the trans-Golgi network (Kim et al., 2010). To further
investigate if these cytosolic cargo-sorting proteins are similarly
present in the Golgi-endosomal compartment, we determined
the subcellular localization of endogenous Vps26 protein
in T. gondii by chromosomally appending an encoded HA
epitope tag. TgVps26-HA displayed better colocalization with
TgSORTLR than any of the previously tested markers (Figure 6A
compared to Figure 1D). Altogether, these findings suggest that
TgSORTLR functions as a cargo transport protein by coordi-
nating with cytosolic proteins involved in Golgi-endosomal
trafficking including TgVsp26. Furthermore, we showed that
the Golgi-endosomal localization of TgVps26-HA transiently
expressed in the iKO mutant (Figure 6B, left panels) was abol-
ished upon treatment with ATc (Figure 6B, right panels). Simi-
larly, the Golgi-endosomal localization of TgVps26-HA stably
expressed in the wild-type parasites (Figure 6C, left panels)
was disrupted upon transiently expressing the dominant nega-
tive TgSORTLRDCt protein (Figure 6C, right panels). Instead,
only cytoplasmic signal was observed. Taken together, these
data indicate that endosomal compartments might not form
correctly in the absence of TgSORTLR.
Host Infection by T. gondii Is Crippled by the Absence
of TgSORTLR
As a first assessment of the essentiality of TgSORTLR, we tested
the ability of parasites to form plaques on host cell monolayers.
Whereas the wild-type parasites grew normally and developed
equal sized plaques in the absence or presence of ATc (Fig-
ure 7A, yellow arrows), growth of iKO lines gave rise to normal
plaque sizes only in the absence of ATc (Figure 7B, left panel).
The presence of ATc led to a complete block in plaque formation
in TgSORTL-deficient parasites (Figure 7B, right panel). Toost & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Inc. 519
Figure 3. Conditional Ablation of TgSORTLR Gene and Phenotypic Studies
(A) Schematic of the approach used for the conditional ablation of TgSORTLR gene.
(B) PCR analysis using the primers indicated in (A) confirms the conditional ablation TgSORTLR. Superoxide dismutase (SOD), positive control.
(C) Immunoblots of wild-type and TgSORTLR-deficient lines grown in the presence or absence of ATc for 48 hr and probed with anti-TgSORTLR antibodies. Actin
was detected as a loading control.
(D) Confirmation of TgSORTLR conditional depletion by confocal imaging using anti-TgSORTLR antibodies after 48 hr ATc treatment.
(E) Immunoblots of wild-type TgSORTLR or ectopic TgSORTLR-cMyc coimmunoprecipitated with monoclonal anti-ROP2–4 or anti-MIC1 antibodies. See also
Table S1.
(F) TgSORTLR does not coimmunoprecipitate with ROP2–4 or MIC1 after conditional depletion with ATc for 48 hr.
(G) Coomassie blue staining of the purified recombinant lumenal domain of TgSORTLR, its different truncations or GST alone.
(H) Expression of recombinant rMIC5-HA (lane 2) and rROP1-HA (lane 4) proteins by wheat germ in vitro transcription/translation. Immunoblots were probed with
rabbit polyclonal anti-HA9 antibodies. Lanes 1 and 3, total protein extracts stained with Ponceau red. Immunoblots of TgSORTLR-deficient mutants grown
without (lane 5) or with ATc for 48 hr (lane 6) incubated with anti-TgSORTLR, rabbit polyclonal anti-MIC5 (lane 7), or monoclonal anti-ROP1 (lane 8) antibodies.
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Figure 4. The Conditional Depletion of TgSORTLR Mislocalizes Microneme and Rhoptry Proteins
(A) In the presence of ATc for 48 hr, several rhoptry ROP1, R0P2–4, ROP5, ROP7, and RON1 proteins were mislocalized in TgSORTLR-deficient mutant, whereas
the apical localization was observed in the absence of ATc, as expected. Only one confocal image of wild-type parasite corresponding to the first anti-ROP
antibody is shown when several proteins have an identical pattern.
(B) Several microneme proteins including MIC2, MIC3, MIC4, and MA2P were mislocalized in TgSORTLR-deficient mutant after 48 hr ATc treatment. Only one
confocal image of wild-type parasite was shown as above.
(C) Subcellular localizations of the inner membrane complex (GAP45), dense granules (GRA3), endoplasmic reticulum (SERCA), apicoplast (Atrx2; Api), or
mitochondrial (HSP60; Mito) markers were unchanged in the TgSORTLR deficient mutant. These data indicate that TgSORTLR regulates ROP and MIC protein
transport during rhoptry and microneme biogenesis (see also Figure S3).
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site exit in response to induction with the calcium ionophore
A23187. The iKO parasites efficiently egressed from host cells
when grown without ATc (Movie S2, left), yet it failed to egress
upon ionophore stimulation after growth in ATc (Movie S2, right).
Tomonitor if the parasites depleted for TgSORTLR can still glide,
iKO mutants grown in ATc were mechanically released from
infected host cells, and trail deposition assays performed. Fig-
ure 7C shows that the iKO line grown in the absence of ATc
showed a significant number of circular trails (yellow arrows,
left panel). In contrast, conditional ablation of TgSORTLR para-
lyzed the parasite (Figure 7C, right panel). As expected based
on the absence of gliding, mechanically released iKO mutants(I) Pull-down assays using the protein extracts from TgSORTLR-deficient m
rD3SORT736-789-GST (see schematic representations in Figure 1A). Blots were in
(J) Pull-down assays using protein extracts containing rMIC5-HA or rROP1-HA p
panel). Blots were stained with rabbit anti-HA antibodies.
Cell Hgrown in ATcwere also severely impaired in their ability to invade
host cells (Figure 7D).
To examine the role of the TgSORTLR in Toxoplasma infection,
mice were infected with iKO parasites that were cultured without
ATc, and TgSORTLR expression levels were suppressed in vivo
by providing ATc in the drinking water. Strikingly, all mice inocu-
lated with iKO parasites in the absence of ATc treatment
succumbed to the infection by day 9, whereas ATc-treated
infected mice survived regardless of whether treatment was
initiated on day 0 postinfection or day 5 postinfection, when
the mice exhibit symptomatic acute toxoplasmosis (Figure 7E).
This demonstrates that mice can be cured of acute toxoplas-
mosis by suppression of TgSORTLR expression. Similarly,utant and rSORT37-789-GST, rD1SORT202-789-GST, rD2SORT446-789-GST, or
cubated with rabbit polyclonal anti-MIC5 or anti-ROP1 antibodies.
rotein incubated with rSORT37-789-GST or rD1SORT202-789-GST beads (upper
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Figure 5. TgSORTLR Is Crucial for the
Biogenesis of Micronemes and Rhoptries
(A) Transmission electron micrograph showing
rhoptries (Rh) and micronemes (Mn) in the wild-
type parasite.
(B) Ultrathin section of a TgSORTLR-deficient
parasite lacking typical micronemes and rhoptries
after ATc treatment for 72 hr.
(C) Longitudinal ultrathin section of TgSORTLR-
deficient parasite lacking typical micronemes and
rhoptries but accumulating unknown vesicles
(asterisks) after ATc treatment for 72 hr. See also
Figure S4.
(D) Cryo-IEM of rhoptries in the wild-type parasite
using anti-ROP1 antibodies.
(E) In the TgSORTLR-deficient parasites, gold-
labeled ROP1 was only detected in the vacuole
after ATc treatment for 48 hr.
(F) Cross-sections through the anterior end of
wild-type parasite showing numerous gold-
labeled micronemes using anti-MIC5 antibodies.
(G) TgSORTLR-deficient parasites showed gold-
labeled MIC5 mainly in the PV after ATc treatment
for 48 hr as a result of mistargeting from the
microneme pathway. The remaining gold-labeled
MIC5was detected in the dense granules (DG, see
the inset (H)). N, nucleus; PV, parasitophorous
vacuole; M, mitochondrion. Bars, 500 nm for all
panels.
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TgSORTLR and Secretory Organelle Biogenesismice infected with the TgSORTLR iKO at higher doses survived
the acute infection when treated with ATc beginning at day 0
postinfection (Figure 7F). Moreover, all mice survived the iKO
infection when ATc treatment was stopped at day 15, suggesting
complete clearance of infection (Figure 7F, black arrow). We
conclude that the conditional ablation of TgSORTLR trans-
formed a T. gondii virulent strain into nonlethal parasites. Mice
that survived the primary infection with iKO parasites were chal-
lenged with a lethal dose of virulent wild-type RH parasites.
Unexpectedly, all of the mice previously infected with iKO para-
sites succumbed to the challenge infection, albeit with a modest
delay that was dependent upon the dose of the primary infection
(Figure 7G). This suggests that infection with iKO parasites does522 Cell Host & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Inc.not confer sterile immunity, perhaps
because of the rapid clearance of iKO
parasites.
DISCUSSION
We showed that TgSORTLR localizes to
the Golgi cisternae and proximal vesicles
and acts as a cargo receptor that is
necessary for the biogenesis of secretory
organelles. Further, TgSORTLR is essen-
tial for host cell egress, gliding motility,
cell invasion, and in vivo infection by
T. gondii, likely because of the crucial
roles for apical secretory organelles in
all events. Despite its high conservation
throughout the tree of life, sortilin has
not been reported to be essential in anyother biological system (Marcusson et al., 1994; Jansen et al.,
2007). In contrast, our findings reveal an indispensible role for
T. gondii sortilin, which is the indication that, unlike yeast and
higher eukaryotes, lower branching eukaryotes such as apicom-
plexan parasites do not have redundant mechanisms of protein
trafficking. This provides a unique glimpse into a ‘‘simplified’’
sorting system in lower eukaryotes. We suggest that TgSORTLR
guides ROP and MIC proteins through the Golgi for packaging
into vesicles at the trans-Golgi network. Supporting this notion,
we observed Golgi proximal, proROP4, and TgSORTLR-positive
structures that could be transport vesicles destined for the endo-
lysosomal system. Regardless, TgSORTLR likely plays a role in
the formation and packaging of these vesicles based on the
Figure 6. TgSORTLR Colocalizes with TgVsp26 and Dictates Its Membrane Association
(A) Extensive colocalization between TgSORTLR (mouse polyclonal antibody, red) and endogenously tagged TgVps26-HA (rabbit polyclonal antibody, green).
(B) Z stack acquisitions by confocal microscopy of transiently transfected iKO tachyzoites expressing TgVSP26-HA under the control of the GRA1 and grown in
the absence (left panels) or presence (right panels) of ATc for 48 hr. Antibodies used are the same as in (A).
(C) Z stack confocal acquisitions of tachyzoites stably expressing endogenously tagged TgVps26-HA in RHDku80 strain before (left panels) or after (right panels)
transient transfection with TgSORTLR lacking its C-terminal tail. These data indicate that the C-terminal tail of TgSORTLR recruits cytoplasmic sorting proteins
(see also Table S2). The confocal images were captured in increments of 0.37 or 0.43 mm for (B) and (C), respectively. Bars, 5 mm for all panels.
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Figure 7. TgSORTLR Is Essential for Gliding Motility, Host Infection, and Parasite Virulence
(A) The wild-type parasites grown in the presence or absence of ATc after 48 hr.
(B) The conditional TgSORTLRdepletion dramatically prevents the lytic and invasion cycles, thus affecting plaque formation in the presence of ATc for 48 hr. Bars,
200 mm.
(C) Motility was impaired in the conditional TgSORTLR-deficient line after it was grown in ATc for 48 hr (see also Movie S2). Bars, 50 mm.
(D) Host cell invasion was severely impaired in TgSORTLR deficient parasites after ATc treatment for 48 hr. Bars represent means ± standard deviations (n = 3, p <
0.001 by Student’s t test).
(E) TgSORTLR depletion abrogates virulence in mice. A group of mice infected with TgSORTLR-deficient mutants for 5 days (green) prior to the addition of ATc to
drinking water.
(F) A group of six mice inoculated with doses ranging from 5 3 103 up to 2.5 3 106 iKO parasites survived with ATc treatment.
(G) TgSORTLR-depleted parasites are avirulent in mice but do not confer protective immunity to reinfection with 1 3 103 of wild-type RH tachyzoites.
(H) Model of TgSORTLR function in protein sorting and the biogenesis of apical secretory organelles.
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TgSORTLR and Secretory Organelle Biogenesisproperties of sortilin through its cytoplasmic tail known to specif-
ically interact with the monomeric adaptor protein, Golgi-associ-
ated gamma-adaptin homologous and ARF-interacting proteins
(Hermey, 2009). We provide evidence that the cytoplasmic tail of
TgSORTLR specifically interacts with AP adaptins (b, g, and m1
adaptins), clathrin, and one of its associated factors and three
vesicular sorting proteins (Vsp9, Vps26, and Vps35). Moreover,
expression of C-terminal tail mutant in T. gondii disrupted the
subcellular distribution of endogenous TgSORTLR and that of
ROP and MIC proteins, suggesting that the TgSORTLR cyto-
plasmic tail contains potent signals for Golgi-endosome sorting.
Whereas regulated secretory granules of higher eukaryotes
are derived directly from the trans-Golgi network (Sossin et al.,
1990), T. gondii and possibly other apicomplexan parasites
appear to use their endolysosomal system as an intermediate
conduit for trafficking of proteins destined for regulated secre-
tion. While Joiner and colleagues proposed this for the rhoptries
(Ngoˆ et al., 2004), more recent studies suggest that microneme
proteins also traffic through the endolysosomal system. Micro-
neme proproteins reside in late endosomes (Harper et al.,
2006), and at least two such proteins are proteolytically524 Cell Host & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Iprocessed by an endolysosomal cathepsin L protease (Parussini
et al., 2010). Thus, one advantage of merging the endocytic and
exocytic pathways is that it allows convenient access to prote-
ases necessary for the activation of secretory proteins. A second
advantage revealed by the current study is that the parasite
utilizes an endosomal cargo receptor, TgSORTLR, for sorting
proteins to the regulated secretory organelles. Our work further
suggests that, likely due to the lack of a mannose-6-phosphate
sorting system, T. gondii appears to critically rely on TgSORTLR
for shuttling secretory proteins through the hybrid endocytic/
exocytic system. Thus, the identification of TgSORTLR promises
to provide insights into the evolutionary development and rela-
tionships of basic cellular functions in protists. The biogenesis
of these parasite-specific organelles, their evolutionary origins
and relationships to organelles of higher eukaryotes, as well as
the precise sorting events that endow them with distinctive
sets of proteins are poorly understood. Despite being touted
as a multiprotein receptor, precisely how sortilin recognizes
different cargo proteins from rhoptries and micronemes remains
to be precisely elucidated. Rhoptries are formed prior to micro-
nemes during daughter cell formation (Nishi et al., 2008),nc.
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to MIC proteins. We showed that TgSORTLR binding to ROP
and MIC proteins requires the presence of the N-terminal
bladed propeller domains. This observation is consistent with
TgSORTLR being a receptor that binds to multiple ligands,
a property shared with mammalian sortilin. For example, the
neurotensin C terminus binds to mammalian sortilin in a tunnel
formed by the b-propeller domains (Quistgaard et al., 2009),
whereas proneurotrophin binds to a linear surface-exposed
sequence (Serup Andersen et al., 2010). Rhoptry andmicroneme
proteins may bind to TgSORTLR in a similar manner. Finally, we
found that recombinant ROP and MIC proteins do not interact
with the recombinant TgSORTLR, suggesting that posttransla-
tional modifications are required for proper binding to this cargo
receptor. These putative posttranslational modifications may
allow discrimination in binding of ROP and MIC proteins to
TgSORTLR. Alternatively, ROP and MIC proteins might bind to
TgSORTLR in multiprotein complexes with only a subset of
proteins forming direct contacts with the cargo receptor. We
propose a model that during daughter parasite formation,
TgSORTLR binds to rhoptry (Figure 7H, left panel) or microneme
(Figure 7H, right panel) proteins in the Golgi lumen and recruits
cytosolic cargo sorting proteins such as AP adaptins, clathrin,
and vacuolar sorting proteins. This leads to the formation of a
sorting complex, which is presumably associated with vesicles
that exit from the external Golgi cisternae. TgSORTLR then
guides its cargo through the early endosomes (EE), possibly
the late endosomes (LE), prerhoptries, or immature micronemes
before releasing its payload. The ‘‘empty’’ cargo receptor then
recruits components of the retromer complex for retrograde
translocation and recycling to theGolgi to reloadwith new cargo.
Our ability to conditionally extinguish sortilin expression will
allow functional dissection that should reveal valuable insights
into basic mechanisms of sortilin function and protein-protein
interactions. The TgSORTLR-deficient parasites described
herein underscore its key role and suggest that TgSORTLR plays
a crucial role as a type I transmembrane cargo receptor regu-
lating a common sorting mechanism that is important for the
biogenesis of apical secretory organelles in T. gondii.
EXPERIMENTAL PROCEDURES
Growth of Host Cells and Parasite Strains
T. gondii RH strain, RHTaTi (a Trans-activator trap-identified inducible anhy-
drotetracycline [ATc] strain; Meissner et al. [2002]), RHDku80 (a strain with
high homologous integration of transfected DNA; Huynh and Carruthers
[2009]), RHDku80TaTi (a strain with ATc inducible system and high homolo-
gous recombination; Sheiner et al. [2011]), RH strain expressing GRASP-
RFP, or HDEL-RFP were also used.
Generation of Transgenic T. gondii Strains
The RH tachyzoites (5 3 106) were transfected with 50 mg of the full-length
TgSORTLR or truncated TgSORTLRDCt or TgSORTLRDNt genes amplified
by PCR and fused to GFP or HA epitope tag. All primers used for PCR during
this study are listed in Supplemental Experimental Procedures. Ectopic
expression of TgSORTLR-cMyc driven by TetO7SAG1 promoter and stable
lines were obtained in RHTaTi strain using 5 mg/ml of phleomycin. The
TgSORTLR iKO lines were generated using RHDku80TaTi and pG13-D-T7S4
plasmid containing 2 kb 50 and 30 noncoding genomic DNA, respectively
(Sheiner et al., 2011). For HA-tagged TgVps26 protein by knockin strategy, a
DNA fragment of 2 kb upstream of the stop codon from the TGME49_063500
genomic sequence was cloned in the pLIC-HA-DHFR plasmid (Huynh andCell HCarruthers, 2009). The plasmid (25 mg) was linearized with EcoRV and
transfected in 53 106 Ku80 tachyzoites followed by pyrimethamine selection.
The full-length cDNA encoding TgVps26 protein was PCR amplified. The
amplified cDNA was cloned in frame with GFP in pMAH14 vector containing
GRA1 promoter as previously described (Fauquenoy et al., 2011).
Immunofluorescence Assay, Electron and Live Video Microscopy
Paraformaldehyde-fixed intracellular parasites were used for IFA and confocal
microscopy as previously described (Olguin-Lamas et al., 2011). Ultrastruc-
tural morphology was performed using conventional and immuno-gold
electron microscopy (Olguin-Lamas et al., 2011), except that 8% paraformal-
dehyde containing 0.01% glutaraldehyde was used for cryo-IEM. Egress
was induced with 4 mM A23187 (Sigma) at 37C under CO2 chamber, and
videos were recorded with a Zeiss AxioObserver Z1 microscope. The list of
monoclonal and polyclonal antibodies used during this study is shown in
Supplemental Experimental Procedures. Confocal images were analyzed by
ImageJ (NIH) software, and colocalization between green and red confocal
images was determined by Pearson’s coefficient using 4–7 vacuoles contain-
ing at least 4–8 parasites per vacuole.
Coimmunoprecipitation, Proteomic, and Immunoblot Analyses
TgSORTLR and binding partners were coimmunoprecipitated after crosslink-
ing 2 3 109 live tachyzoites with dithiobis-[succinimidyl-propionate] (DSP)
followed by extraction with Triton X-100 (Fauquenoy et al., 2011). Binding
protein complexes were reduced by dithiothreitol before SDS-PAGE followed
by silver staining. The gel lane was cut into slices, in-gel tryptic digested, and
then processed for mass spectrometry as described in Supplemental Experi-
mental Procedures.
Synthesis of Recombinant Proteins in E. coli and Wheat Germ
In Vitro Translation
For expression in E. coli, TgSORTLR DNA fragments corresponding to amino
acids 37–714 or 37–789 termed rSORT37-714 or rSORT37-789 were amplified by
PCR. The amplified DNA was cloned in frame with GST in pGEX-6P
(Pharmacia). Three N terminus TgSORTLR mutants, rSORT202-789-GST,
rSORT446-789-GST, or rSORT736-789-GST, corresponding to the respective
deletion of bladed propeller domains B–D, B–H or B–10CCb, were also
produced. The recombinant rSORT808-962-GST fusion protein corresponding
to TgSORTLR cytoplasmic tail was also generated as above. Production of
fusion proteins in BL21 (DE3) bacteria and purification were performed by
standard techniques. The full-length recombinant rROP1-HA and rMIC5-HA
proteins were synthesized using the wheat germ in vitro transcription/transla-
tion kit (Promega). Five Balb/C mice were intraperitoneally (IP) immunized with
50 mg of purified recombinant N-terminal TgSORT37-789-GST protein per
mouse in complete Freund’s adjuvant (Sigma). Two boosts were performed
by IP with 50 mg of recombinant protein per mouse in incomplete Freund’s
adjuvant (Sigma).
GST Pull-Down Experiments
Total parasite extract from 108 tachyzoites or 20 ml of in vitro translation
reaction were resuspended in GST binding buffer (Tris.HCl 10 mM, NaCl
150 mM, MnCl2 1 mM, CaCl2 1 mM, Triton X-100 1%, and protease inhibitors)
and incubated with 10–40 ml of beads containing 3–6 mg of rSORT37-789-GST,
rSORT202-789-GST, rSORT446-789-GST, and rSORT736-789-GST or GST beads
alone for overnight at 4C. Precipitants were washed with the same buffer,
eluted by SDS buffer and analyzed by western blots. For the pull-down of
TgSORTLR C-terminal tail partners, cytoplasmic extracts from 43 109 tachy-
zoites were incubated with 100 ml of rSORT808- 962-GST or to GST beads alone
containing about 200 mg of each protein. The bound partners were silver
stained and processed for proteomics analyses.
Phenotypic Assays
Plaque assays were performed using 8-well Labtek slides containing human
fibroblast cells infected with 100 parasites per well in media with or without
1 mg/ml ATc, fixed after 7 days post infection and stained with crystal violet.
Experiments were repeated thrice in triplicate wells. Intracellular TgSORTLR
iKO parasites grown with or without ATc were released mechanically and
used in three independent experiments each for gliding motility and invasionost & Microbe 11, 515–527, May 17, 2012 ª2012 Elsevier Inc. 525
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Fauquenoy et al., 2008, 2011).
Mouse Infectivity Studies
Six female Balb/C mice (6–8 weeks old) were injected intraperitoneally with
5 3 103 to 23 106 iKO parasites that were cultured without ATc. To suppress
TgSORTLR expression in vivo, the drinking water was supplemented with
0.2 mg/ml of ATc and 5% of sucrose. A second group of six mice were also
infected with 5 3 103 to 2.5 3 104 of iKO tachyzoites without ATc. As control,
5 3 103 to 2.5 3 104 of the parental line (RHDku80TaTi strain) was used to
infect groups of six mice with or without ATc. Survival was monitored over
a period of 4 weeks. All experiments were repeated at least three times.
Statistics
Student’s t test was used for statistical analysis. The Mann-Whitney test was
used for analysis of mice survival curves.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, two tables, Supplemental
Experimental Procedures, and two movies and can be found with this article
online at doi:10.1016/j.chom.2012.03.006.
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